Abstract. Samples of PM10 and PM2.5 fractions were collected between the years 2010 and 2013 at the urban area of Krakow, Poland. Numerous types of air pollution sources are present at the site; these include steel and cement industries, traffi c, municipal emission sources and biomass burning. Energy dispersive X-ray fl uorescence was used to determine the concentrations of the following elements: Cl, K, Ca, Ti, Mn, Fe, Ni, Cu, Zn, Br, Rb, Sr, As and Pb within the collected samples. Defi ning the elements as indicators, airborne particulate matter (APM) source profi les were prepared by applying principal component analysis (PCA), factor analysis (FA) and multiple linear regression (MLR). Four different factors identifying possible air pollution sources for both PM10 and PM2.5 fractions were attributed to municipal emissions, biomass burning, steel industry, traffi c, cement and metal industry, Zn and Pb industry and secondary aerosols. The uncertainty associated with each loading was determined by a statistical simulation method that took into account the individual elemental concentrations and their corresponding uncertainties. It will be possible to identify two or more sources of air particulate matter pollution for a single factor in case it is extremely diffi cult to separate the sources.
Introduction
Source identifi cation and apportionment of air pollution can be effi ciently performed with the use of a variety of statistical methods. Chemical species found in particulate matter can be labelled as source tags. Principal component analysis (PCA) was fi rst applied by Thurston and Spengler to determine the source of particulate matter pollution in Boston [1, 2] . Some interesting examples of the use of PCA in the fi eld of environmental science can be found in literature [3] [4] [5] [6] . These analyses include the application of the factor analysis (FA) technique, which is used to study correlations between the measured elemental concentrations at the receptor [7, 8] . In this method, the components explaining the variance of the elements are extracted and subsequently identifi ed as possible sources. A major disadvantage of PCA is the fact that it does not provide a unique solution because of its simplifi ed approach to factor analysis. However, PCA remains to be widely used for source apportionment [9] [10] [11] . Another receptor technique, positive matrix factorisation (PMF), is also commonly applied for source identifi cation [12, 13] . The PMF method was developed by Paatero and Tapper [14] and further modifi ed by Paatero and Hopke [15] . The results of PMF may vary depending on different uncertainty structures [16] . Chemical mass balance (CMB) is also an example of a recepPreliminary PM2.5 and PM10 fractions source apportionment complemented by statistical accuracy determination tor model [17] . These methods differ primarily in the extent of knowledge of pollution sources that is required in order to successfully apply the model. The CMB method involves the highest degree of information before its employment. The importance of statistical methods in studies concerning source identifi cation and apportionment is even more pronounced when highly polluted regions are under investigation. The chemical content of airborne particulate matter (APM) is required for such analyses, given that chemical species are the source indicators. Owing to the fact that Krakow is one of the most polluted cities in Poland, it is benefi cial to apply statistical analysis to the available air pollution data. The results of such an analysis are expected to lead to decreasing the level of APM in Krakow.
In this work, PCA, FA and multiple linear regression (MLR) were used for the purposes of source identification and apportionment of PM10 and PM2.5 fractions. The main objective of this work was to determine relevant factors and their corresponding uncertainties with the use of both PCA and MLR analysis. The initial air pollution data included results of chemical analysis of samples collected in Krakow, performed by energy dispersive X-ray fl uorescence (EDXRF) analysis. Ordinary calculations and statistical analysis were completed using MATLAB; in particular, relevant algorithms from the statistical toolbox were applied.
Methods

Sampling
The sampling site was the urban area of Krakow. It was located in the Krowodrza district in the western part of the city (Krakow; 50°04'01''N; 19°54'47''E in the vicinity of a park. Particulate matter (PM) concentrations at this site are considered as representative of those in the residential areas of the city. The main local sources of pollution at the site are municipal emissions, steel, cement and metal industries and traffi c. Traffi c density in the city is very high including frequent traffi c jams. Factories are located at a distance of approximately 10 km from the sampling site. Additionally, there are power plants in the southern area of the city. The Upper Silesian industry area is located approximately 80 km to the west of Krakow. Moreover, the zinc industry is situated approximately 50 km to the north of the city.
Twenty-four-hour PM10 fraction samples were collected from July 14th to July 22nd 2010, February 22nd to March 3rd 2011 and January 9th to 27th 2012 using a low-volume LVS-3 Sampler with a fl ow rate of 2. 
Chemical analysis
Filters were weighed on a micro-balance (A and D INSTRUMENTS HM-202-EC, accuracy is 0.01 mg) in an air-conditioned weighing room (temperature: 20 ± 1°C, RH: 50 ± 5%) to evaluate the mass of the PM2.5 fraction, following the procedures outlined in literature [18, 19] . The weight of the fi lter was recorded before and after sampling and the average of three separate weightings was reported. The mass of collected dust and volumes of air passing through the sampler were accounted for, when calculating the PM2.5 and PM10 concentrations. The substrates were conditioned for 48 hours in a weighing room before and after sampling. Concentrations of the following elements were determined: Cl, K, Ca, Cr, Mn, Fe, Cu, Zn, Br, Sr and Pb. PM10 and PM2.5 specimens were analysed as thin samples by applying a multifunctional EDXRF spectrometer. The instrument is a micro-beam X-ray fl uorescence spectrometer with capillary X-ray optics, a broad X-ray beam from an Mo secondary target, dedicated for X-ray fl uorescence (XRF) analysis of bulk samples and a total refl ection X-ray technique. The excited X-rays were detected by an Si(Li) detector with 170 eV resolution at 5.9 keV. Data collection was completed using the Canberra system [20] . The measurements were carried out under the following conditions: Mo tube voltage of 55 kV, current of 30 mA and measuring time of 10 000 s, in atmospheric air. In order to calculate the concentrations of different elements in the fi lters, the spectrometer was calibrated using thin-fi lm standards (Micromatter, USA). The XRF spectra were quantitatively analysed using the QXAS package [21] . Table 1 shows the detection limits for the analysed elements.
Statistical analysis
Possible sources of air pollution in proximity of the sampling site can be qualitatively identifi ed from a correlation matrix. In order to determine the PM10 and PM2.5 emission sources contributing to specifi c elements, PCA and FA were used. The factor loadings were obtained as a result of the PCA analysis for the PM10 and PM2.5 particles. Additionally, the percentage of variance of each factor was calculated. Subsequently, MLR was performed to evaluate the contribution of each source group to the PM10 and PM2.5 concentrations. Statistical analysis of the data was completed using MATLAB -the following statistical built-in functions were applied: PRINCOMP, FACTORAN and REGRESS.
In order to improve the signifi cance of the obtained results and allow for their proper interpretation, an additional statistical method was applied to account for uncertainties relevant to the determined factors. Five hundred artifi cial sets of data were simulated by taking into account the uncertainties (statistical fl uctuations) of the elemental concentrations. Supplemental commands were included in the MATLAB code to expand the PCA and MLR calculations. Finally, regular statistical analysis of the results allowed determination of uncertainties for factor loadings.
Results and discussion
Values of mean PM10, PM2.5 concentrations and elemental concentrations are shown in Table 2 . The mean PM10 mass concentration value for the year 2011 exceeded the daily limit value of 50 g/m 3 specifi ed by the European Union (EU) Directive [22] . Summer 2010 and winter 2012 values were lower than this limit value. PM2.5 in summer 2012 and 2013 did not exceed target value 25 g/m 3 given by the EU Directive [22] . The value for winter 2013 was equal to 74 g/m 3 and consequently exceeded the target EU value. The winter-to-summer ratio for the PM10 fraction varied between 1.33 and 3.1. For PM2.5, the winter-to-summer ratio was in the range 4.1-4.6. Signifi cantly higher winter-to-summer ratios were observed for the fi ne fraction.
Chlorine was observed during winter time for both fractions with the exception of winter 2011, during which the concentration of Cl was below the detection limit. During summer time, chlorine was not detected in either one of the analysed fractions. The source of chlorine may be municipal emissions or it can be introduced to air whilst deicing pavements and streets during winter.
Concentrations of potassium were higher during winter time for the PM10 fraction with the exception of winter 2012, during which a low concentration of potassium was observed. The winter-to-summer ratio was in the range of 0.76-1.5. A signifi cant difference between winter and summer concentrations was observed for the PM2.5 fraction. The winter--to-summer ratio varied from 9.2 to 13.5. In winter time, elevated concentrations of potassium were detected. This increase was very pronounced in the PM2.5 fraction. The potential sources of potassium are municipal emissions, combustion and biomass burning.
Concentrations of calcium in the PM10 fraction were comparable during winter and summer. An exception was observed during winter 2012, during which the mean concentration of calcium was two times higher than that for summer 2010 and winter 2011. Similar concentrations of calcium were observed in the PM2.5 fraction with the exception of summer 2013. The winter-to-summer ratio was 3.0.
Titanium was detected in the PM10 fraction only. Concentrations of manganese were higher in the PM10 than in the PM2.5 fraction. Concentrations of iron in PM10 in summer 2010 were similar to that in winter 2011. In contrast, in winter 2012, the amount of iron was two times lower than in the previous years. The PM2.5 fraction concentrations of iron were two times higher in summer than in winter. Copper had similar concentrations in PM10 fraction for winter and summer with the exception of winter 2012, during which a low concentration of copper was determined. The PM2.5 fraction concentration of copper was fi ve times lower in winter than in summer. It can be also seen that concentrations of copper were higher in PM10 in comparison to PM2.5. Concentrations of Tables 3 and 4 , for both PM10 and PM2.5 fractions. Three factors were obtained for the PM10 fraction from PCA and FA methods. The variance of the fi rst factor was 68.6%, that of the second was 29.7% and the third had a variance of 1.2%. The trace elements corresponding to the fi rst factor were as follows: K, Mn, Fe, Cu and Pb. These were the ones with high correlation coeffi cients. Three sources were identifi ed on the basis of the presence of these elements. They were combustion (municipal emission, biomass burning, K, Fe) [23] , steel industry (Nowa Huta steel mill, Fe, Mn) [24] and traffi c (Cu, Pb) [25, 26] , (Factor 1, Table 3 ). The presence of Cu in PM can be attributed to the wearing of brake pads [13] . Potassium can be attributed to municipal emissions and biomass burning. The mean contribution value of Factor 1 for summer and winter was equal to 74%. For the second factor, the tracers were Ca, Cr and Sr. The presence of these elements points to cement and metallurgical processes [24] . It can be also attributed to soil source during summer season. The mean contribution of Factor 2 was 2.8% in summer and winter 2011 and 8.2% in winter 2012. The following elements were found in the third factor: Zn and Pb. This factor can be attributed to the Zn and Pb industries (ore mining and processing) located at a distance of approximately 50 km from Krakow. This factor can also identify the source as traffi c. The mean contribution value was 12.4% for summer and 9% for winter. The mean contribution of a non-identifi ed source (Factor 0, Fig. 3 ) was equal to 10.8% for summer and 9.3% for winter. Secondary aerosols such as sulphate and nitrate can be related to this source. Samek et al. [24] performed research in the years 2009 and 2010 for PM10 in Krakow and presented source identifi cation and apportionment (PCA, FA and MLR) by using STATISTICA software. Samples were collected at industrial area of the city (Nowa Huta steel mill). In their paper, the following sources were identifi ed in PM10 fraction in winter: combustion (K, Zn, Cu, As) with mean contribution 61%; industry (Ca, Cr, Mn, Fe -steel mill) with mean contribution of 29% and about 10% of non-identifi ed source (it can be secondary aerosols, sulphate, nitrate). During summer, about 60% of non-identifi ed source, 23% of industry (K, Ca, Mn, Fe, Zn) and 15% of traffi c (Br, As) as well as 2% crustal (Ti, Cr) were detected. In the paper [4] , studies were performed in winter 2010 in two different sites in Krakow (industrial and residential). At both sites, three factors were observed. In Nowa Huta, one factor describing two sources, combustion and traffi c (Cu, Zn, Br, As), were determined with the contribution of 53.1%. Second factor describing industry and wood combustion (K, Ca, Mn, Fe) with 28.5% contribution and the last non-identifi ed source with contribution of 18.3%. In the residential area, combustion and traffi c (Cu, Zn, Br, Pb, As) contributed to 46.5%, industry and wood combustion (K, Ca, Fe) contributed to 50.4% as well as non-identifi ed source contributed to 3.5%. In the current studies, statistical analysis was done using MATLAB. This tool did not lead to good separation of sources. One factor corresponds to three identifi ed sources of pollution. But the advantage is that it is possible to determine the uncertainties of the obtained results. Figure 1 presents results obtained from the MLR analysis. Mass concentrations predicted by the model were compatible with those measured. Figure 2 shows the contribution of each factor to the total PM10 mass. Figures 3-6 show the contribution of each factor to PM10 separately. Additionally, uncertainties for each factor were determined. The factors contributing to PM10 were defi ned in Table 3 . Factor 0 can be attributed to a non-identifi ed source. This source could potentially be secondary aerosols (nitrate and sulphate). Its contribution to PM10 was in the range of 4-18% during the entire period of measurements. Factor 1, identifi ed as combustion or industry or traffi c source, contributed to 60-90%. It would be benefi cial to extend this analysis to allow for the separation of these three sources. Factor 2 ( Table 3) identifi ed as cement or metallurgical industry contributed 3% to PM10 during the fi rst period of study and increased to approximately 15% during winter 2012. In summer Factor 2 can also be responsible for soil pollution. Factor 3 ( Table 3) PCA and FA factor loadings for PM2.5 are shown in Table 4 . The fi rst factor characterized by Ca, Fe, Cu and Sr can be attributed to industry (Nowa Huta steel mill and cement industry) and traffi c sources. The second factor was identifi ed by K, Rb, Zn and Pb and can be associated with combustion (biomass) and traffi c. The third factor identifi ed by Mn, Fe, Br, Zn and Pb can be attributed to road dust. Figure 7 shows the PM2.5 mass concentrations as predicted by the model and resulting from the experiment. Figure 8 shows contributions of different sources to PM2.5 mass, and Figs. 9-12 present contributions to each factor with calculated uncertainties. Factor 0 (Fig. 9 ) characterised a non-identifi ed source, which could be secondary aerosols. The contribution of this factor to PM2.5 during winter time varied from 1% to 4% and during summer 2-8%. The mean value was 1.8% for winter and 3.9% for summer. The fi rst factor implied industry and traffi c contributed 70-80% to the total mass. During winter time, the values were slightly lower than those during summer time. Mean value was 75.1% for winter and 80% for summer. The second factor described by combustion contributed 10-30% in winter and 5-20% in summer. The mean value was 20.5% for winter and 12.1% for summer. Contribution of the third source was 2-7% in summer and 1-5% in winter. Table 5 presents statistical parameters for MLR for both fractions and all factors. The study by Samek et al. [5] is considering source identifi cation and apportionment of PM2.5 collected in residential area of Krakow. Three factors were presented in winter 2011 and summer 2012. In winter, fi rst factor corresponds to municipal emission and industry (K, Ca, Fe, Zn, Sr) with mean contribution of 49.2%, second factor is responsible for traffi c (Br, Pb) with mean contribution of 37.8% as well as non--identifi ed source (third factor) with contribution of 13%. During summer, traffi c (Cu, Br, Pb) reaches the contribution of 53%, industry (Ca, Mn, Fe, Sr) 18% and non-identifi ed source 29%. Viana et al. [8] wrote paper about source apportionment in Europe (review). They described six main sources of pollution characterised by individual chemical species in different cities in Europe. 
Conclusions
High concentrations of both PM10 and PM2.5 fractions were observed during the sampling periods at the site of Krakow, Poland. In particular, they were signifi cantly elevated during winter time. At that time, both the limit value for PM10 and the target value for PM2.5 were exceeded. Trends in the concentrations of Cl and K uncovered seasonal variations for both investigated fractions. Not surprisingly, most elements had higher concentrations in winter. However, fi ne fraction data revealed lower concentration of Cu during winter. PCA, FA and MLR methods were applied for approximate source identifi cation. For each determined factor loading, the uncertainty was estimated by means of statistical simulation.
In several cases, it was impossible to distinguish sources of APM pollution in Krakow. For this reason, there exists a need to include more chemical species to enhance the meaningfulness of the data interpretation. 11.8 ± 0.5 a2 (F2) 9.6 ± 0.9 a3 (F3)
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